We have developed a robust cytopathic effect-based high-throughput screening assay to identify inhibitors of dengue virus (DENV) infection. Screening of a small natural product library yielded 11 hits. Four of these were found to be potent inhibitors of DENV, although serotype differences were noted. Taken together, these data suggest that screening of larger and more complex molecule libraries may result in the identification of more potent and specific DENV inhibitors.
T wo billion people in over 100 countries are at risk of infection from one of the four dengue virus serotypes (DENV-1 to -4) (5, 9) . At present, there is no effective vaccine available against DENV (4), and no antiviral drugs have been approved for its treatment. As such, there is a major unmet medical need to identify and develop effective anti-DENV drugs.
While propagating DENV-2 in human hepatoma-derived Huh7.5.1 cells, we noticed a viral-induced cytopathic effect (CPE) (Fig. 1A) . A similar but less-pronounced phenotype was also observed in Vero and A549 cells (see Fig. S1A in the supplemental material). Based on this finding, we hypothesized that we could develop a DENV-induced CPE high-throughput screening (HTS) assay in which inhibitors of virus replication would prevent cell death (Fig. 1B) . In this assay, toxic compounds would not score as positive hits as they would further increase cell death (Fig. 1B) .
During assay development, we chose to measure DENV-induced CPE by monitoring cellular ATP levels, which positively correlate with cellular viability. Cellular ATP levels are measured by a sensitive luciferase assay that is based on luciferase's requirement for ATP in producing light. To optimize the signal/background (S/B) ratio, we compared the effect of the multiplicity of infection (MOI) and the assay time (see Fig. S1B in the supplemental material). We found that the MOI of 1 and an assay time of 72 h provided an S/B ratio of Ͼ16. Using this assay, we found that mycophenolic acid (MPA), a known inhibitor of DENV, yielded a 50% effective concentration (EC 50 ) value of 0.8 M (see Fig. S2A in the supplemental material), which is similar to what others have reported (3), and a 50% cytotoxic concentration (CC 50 ) of greater than 10 M (see Fig. S2B ). Furthermore, we determined that the Z-factor for the assay was 0.78. The Z-factor is a measure of statistical effect size and is used to judge whether the response in a particular HTS assay is large enough to warrant further attention. A Z-factor between 0.5 and 1 suggests an excellent and robust HTS assay. Taken together, these data demonstrate the efficiency of our 4 /well and stained with 1% trypan blue after the indicated times. Eighty to 90% cell death in infected wells was observed compared to uninfected wells. (B) Overall design of the screening assay. The cell death resulting from dengue infection causes a loss of cellular ATP, and hence the ATP levels reflect the levels of viral infection and replication before and after drug treatments. In the assay, Huh7.5.1 cells are exposed to dengue virus in the presence of candidate inhibitors. After a period of incubation the cells are lysed in a buffer containing both the luciferase enzyme and luciferin substrate. Any remaining ATP in the cell culture will drive the oxidation of luciferin, resulting in the emission of light that is quantitated using a luminometer. Compound A and B are hypothetical and do not denote specific molecules.
assay to rapidly assess inhibitors of DENV infection and to calculate EC 50 and CC 50 values.
We next screened a library of 235 natural compounds from the National Cancer Institute (NCI) to identify novel inhibitors of DENV-2. The library was screened using a single concentration of 20 M. We identified 11 compounds that inhibited DENV replication by more than 50% (Fig. 2) . To further validate their antiviral activity, we performed immunofluorescence assay (IFA) staining to determine the percentage of viral infection in the presence of inhibitors. Six of the 11 compounds were subsequently shown to inhibit DENV infection at concentrations equal to or less than 2 M by IFA (Fig. 3 and data not shown) . Four of these compounds were subjected to further analyses, including EC 50 and CC 50 determination (Table 1) . Compounds 1, 3, and 4 were found to be potent inhibitors of DENV-2 infection with EC 50 s less than 1 M. Compound 2 was somewhat less active and displayed an EC 50 of 2.4 M. Importantly, none of the compounds were toxic at the highest concentration tested (10 M).
We next evaluated the activity of the 4 compounds against different DENV serotypes (see Fig. S3 in the supplemental material). At a 2 M concentration, compound 1 completely inhibited the DENV-2, -3, and -4 serotypes but had displayed no activity against DENV-1. Similarly, compound 2 also exhibited more potent activity against the DENV-2, -3, and -4 serotypes compared to DENV-1. In contrast, compounds 3 and 4 and MPA inhibited the different DENV serotypes to the same extent. We also tested the inhibitory activity of the compounds against a related Flaviviridae virus, hepatitis C virus (HCV), and against the unrelated Paramyxoviridae virus, Newcastle disease virus (NDV) (see Fig. S4 in the supplemental material). All four compounds showed inhibitory activity toward HCV, albeit that compound 2 and compound 4 were somewhat less potent. Interestingly, compounds 1 and 3 also inhibited NDV replication. However, compounds 2 and 4 and MPA had little to no effect on NDV replication. Therefore, these compounds appear to preferentially inhibit viruses from the Flaviviridae family. The mechanisms by which these compounds inhibit virus replication still need to be determined, and it is unknown if they target viral or cellular enzymes/proteins. Of note, all four of these compounds have been extensively studied for their use as possible antitumor reagents because of their limited cytotoxicity (1, 2, 6-8, 10, 11) .
In summary, we have successfully established a robust technological platform that can be used to screen for novel inhibitors of DENV replication. Importantly, the assay can be readily improved to facilitate HTS. One limitation of the assay is that it cannot distinguish between direct-acting antiviral drugs and compounds that inhibit cell death pathways. As such, subsequent experiments are required. a Mean and standard error of the mean for two independent experiments performed in duplicate. EC 50 was determined against DENV-2.
